
Chapter 54
Modified Higgs Couplings in the Minimal
Composite Higgs Model and Beyond

Avik Banerjee

Abstract Composite Higgs scenario, where the Higgs boson emerges as a pseudo-
Nambu-Goldstone boson (pNGB), is well motivated as an approach to solve the
Hierarchy problem of the Standard Model. One of the main phenomenological con-
sequences of this setup is sizable deviations of the Higgs couplings from their Stan-
dard Model predictions. We discuss how the modification of the Higgs couplings
with weak gauge bosons and quarks arise in the minimal composite Higgs model
and its impact on the scale of compositeness. We take an effective field theoretic
approach to illustrate our results. The coupling modifications in models beyond the
minimal scenario where the scalar sector is extended with Standard Model singlets
and triplets are also discussed.

54.1 Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) paved the
path towards the precision study of the properties and origin of the Higgs. Several
motivated beyond the Standard Model (BSM) scenarios predict deviations of the
Higgs couplings compared to their Standard Model (SM) values. These deviations
can in principle be tested at the LHC and proposed future colliders and yield signif-
icant information about the nature of the Higgs boson. Composite Higgs models [1,
2] provide an alternative to supersymmetry to solve the Hierarchy problem of SM.
It consists of a framework where the Higgs boson originates as a pseudo-Nambu-
Goldstone boson (pNGB) of a strong sector with spontaneously broken global sym-
metry (analogous to the pions in QCD) [3–5]. The scale at which the strong sector
condenses sets the geometric dimension of the composite Higgs and is known as the
scale of compositeness ( f ). The SM gauge bosons and fermions, on the other hand,
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are elementary and their interaction with the strong sector resonance states via linear
mixing explicitly breaks the global symmetry. This endows the Higgs boson with a
potential and is responsible for the electroweak symmetry breaking. The couplings
of the Higgs in this scenario are modified due to the strong dynamics compared
to the corresponding SM values, and the measurements of the Higgs couplings at
LHC, in turn, put stringent limits on the scale of compositeness. However, in the
absence of any signal of new physics at the LHC, effective field theoretic frame-
works become more popular in the study of Higgs boson [6]. The idea behind using
an effective theory is that the effect of new dynamics appearing at a high scale can be
captured by constructing higher dimensional operators, which respect symmetries
at low energies. The higher dimensional operators contribute to the modifications of
the couplings of the Higgs boson with other SM particles.

The other yet unknown aspect of the electroweak symmetry breaking is the full
constituents of the scalar sector. Apart from the usual SU(2)L doublet Higgs, addi-
tional singlet, doublet or triplet scalars can exist. The presence of the additional
scalars also modifies the couplings of the 125 GeV Higgs boson. Moreover, these
scenarios contain other neutral and charged scalars with different CP eigenstates
providing interesting phenomenological consequences.

In what follows, we discuss the modifications of Higgs coupling in composite
Higgs setup (Sect. 54.2). We also show the use of the strongly interacting light Higgs
framework to construct the higher dimensional operators and calculate the coupling
modifiers. Then we discuss some models with extended scalar sectors and show how
the couplings of the Higgs boson changes in those cases (Sect. 54.3). Finally, we
conclude (Sect. 54.4).

54.2 Minimal Composite Higgs Model (MCHM)

The minimal realization of the composite Higgs setup, compatible with electroweak
precision constraints, consists of a coset SO(5)/SO(4) producing four pNGBs [7].
In the unitary gauge, the pNGB Higgs can be parametrized as

Σ = (0, 0, 0, sh, ch)
T , (54.1)

where sh ≡ sin(h/ f ), ch ≡ cos(h/ f ). The gauge interactions of the pNGB Higgs
with SM gauge bosons are given by

Lgauge � g2 f 2

4
sin2

(
h + V

f

) [
W+

μ W μ− + 1

2 cos2 θw

ZμZ
μ

]
. (54.2)

While the masses of gauge bosons set the definition of the electroweak vacuum
expectation value (vev) as

vEW = f sin
V

f
, (54.3)
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the couplings of the physical (125 GeV) Higgs boson with the weak gauge bosons
(V = W±, Z ) get modified as follows:

kV = ghV V

gSMhV V

= √
1 − ξ , (54.4)

where ξ = v2/ f 2. It is worth noting that the modification factor depends only on the
scale of the compositeness and this feature is in general true for any SO(N )/SO(N −
1) coset.

The modifications of the Yukawa couplings, on the other hand, depends on the
representations of SO(5) in which the SM fermions are embedded. The partial com-
positeness paradigm implies that theSMfermions couples to theHiggs boson through
a linearmixingwith some strong sector operators. Thismeans, after the condensation
of the strong sector, the mass eigenstates are the linear superposition of elementary
and composite resonance states. To fulfill the requirement of assigning the correct
hypercharge of the SM fermions, an additional unbroken U(1)X is customarily intro-
duced. For the purpose of illustration, we consider only the embeddings of the SM
fermions (specifically top quark) in the fundamental 5 and symmetric 14 of SO(5).
Decomposition of 52/3 of SO(5) ×U (1)X under the SM gauge group is given by

52/3 → 27/6 ⊕ 21/6 ⊕ 12/3 . (54.5)

Wepresent the relevant incompletemultiplets for left- and right-handed top quarks
in the so-called MCHM5L−5R model as [4]

Q5
L = 1√

2
(−ibL ,−bL ,−i tL , tL , 0)

T , T 5
R = (0, 0, 0, 0, tR)T . (54.6)

TheonlySO(5) invariant term (involvingQ5
L , T

5
R andΣ), constituting the effective

low energy Yukawa Lagrangian can be written as

LYuk = ΠLR(q2)(Q
5
L .Σ)(ΣT .T 5

R) + h.c. ⇒ LYuk = ΠLR(q2)shch t̄L tR + h.c.,
(54.7)

where we assume, for simplicity, the momentum dependence of the form fac-
tor ΠLR(q2) can be approximated with a constant value ΠLR(q2 = 0). Clearly,
ΠLR(q2 = 0) can be absorbed in the definition of the top quark mass, while the
modification of the Yukawa coupling is given as [8]

kt = ght t̄

gSMht t̄
= 1 − 2ξ√

1 − ξ
� 1 − 3

2
ξ . (54.8)

In the last equality, we make an expansion around small ξ. In the case of
MCHM14L−14R model (both left- and right-handed top quarks in 14 of SO(5)), how-
ever, more than one Yukawa invariants can be constructed. As a result of that, the
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form factors cannot be completely absorbed in the definition of top mass. The low
energy Lagrangian in MCHM14L−14R with two invariants is given by

LYuk = Π
(1)
LR(ΣT .Q

14
L .T 14

R .Σ) + Π
(2)
LR(ΣT .Q

14
L .Σ)(ΣT .T 14

R .Σ) + h.c.,

=
(
Π

(1)
LR + Π

(2)
LRs

2
h

)
shch t̄L tR + h.c. (54.9)

Modification of Yukawa coupling in this case is [9]

kt = ght t̄

gSMht t̄
� 1 −

(
2
Π

(2)
LR

Π
(1)
LR

− 3

2

)
ξ . (54.10)

Evidently, in this case, the coupling modification depends on the dynamics of the
strong sector resonance states through the form factors. We comment in passing that,
if either of tL or tR is embedded in the 14, two Yukawa invariants can be constructed.
The limit on f in MCHM5L−5R model at 95% CL, as obtained using the LHC data on
the Higgs coupling measurements [10], is rather strong ( f ≥ 1 TeV), because kV and
kt depends solely on a single parameter ξ. However, a relaxation on the limit on f
is observed in models where more than one Yukawa invariants are present ( f ≥ 640
GeV) [9].

The modification of the Higgs couplings can also be captured using an effective
field theory approach. In the strongly interacting light Higgs framework [6], the SM
Lagrangian is extended with a set of gauge invariant dimension-six operators. For the
illustrative purpose, we present a few of such operators which directly contributes to
modify the tree level Higgs couplings. The kinetic term of the Higgs boson in this
scenario containing dimension-4 and dimension-6 terms is given by

Lkin = (
DμH

)†
(DμH) + cH

2 f 2
∂μ(H

†H)∂μ(H †H), (54.11)

while the gauge and the Yukawa couplings of the Higgs boson is

Lgauge = g2

2
(H †H)

(
W+

μ W−μ + 1

2 cos2 θW
ZμZ

μ

)
, (54.12)

LYuk = −y f Q̄L HtR − Δ

(
H †H

f 2

)
y f Q̄L HtR . (54.13)

The modifications of the Higgs couplings upon electroweak symmetry breaking
is then given by

kV = √
1 − cHξ, kt � 1 +

(
Δ − cH

2

)
ξ. (54.14)

Clearly, in MCHM5L−5R model cH = 1 and Δ = −1, while in MCHM14L−14R
model Δ depends on the strong sector dynamics via the form factors.
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54.3 Models with Extended Scalar Sector

In this section, we discuss the models where the SM particle content is extended with
additional scalar fields. In general, singlet, doublet or triplet scalars can be accom-
modated with the existing Higgs doublet, with completely different phenomenolog-
ical implications. In the context of composite Higgs scenario, non-minimal coset
structures can lead to the presence of these additional scalars. For example, in next-
to-minimal composite Higgs model (SO(6)/SO(5) coset) a singlet CP-odd particle
is present [11]. Needless to mention that neutral component of the standard Higgs
can mix with this additional singlet, and therefore, modifies the couplings of the 125
GeV Higgs boson. For example, the deviation of the Higgs couplings with the weak
gauge bosons are suppressed by an additional factor of mixing angle θmix as given
by [12]

kV = cos θmix

√
1 − ξ. (54.15)

For the Yukawa part we write an effective operator as

ΔLη ∼ −yt (Δ
η
t )

′ η
2

f 2
qL H

ctR , (54.16)

which leads to the coupling modification

kt = cos θmix

[
1 +

(
Δ − cH

2

)
ξ
]

+ sin θmixΔ
η
t

√
ξ. (54.17)

This implies that LHC data can provide constraints in the plane of θmix − ξ plane,
as shown in [9]. For details of effective field theory analysis in the singlet extended
models and two Higgs doublet models see [13, 14]. On the contrary, adding a single
triplet scalar with either hypercharge Y = 0 or Y = 1 leads to a severely constrained
scenario from the electroweak precision data. However, in a Georgi-Machacek like
model [15], where the Y = 0 and Y = 2 triplets are embedded in a (3, 3) under the
SU(2)L × SU(2)R , this constraint can be somewhat relaxed. We use such a setup
and include dimension-5 operators in the Yukawa sector as [16]

−LYuk = ct5
�

yt Q̄Lχ
†φtR + cb5

�
yb Q̄LχφcbR + dt

5

�
yt Q̄Lξφ

ctR

+ db
5

�
yb Q̄LξφbR + h.c. (54.18)

Note that, the inclusion of these additional terms modifies the 125 GeV Higgs
couplings, as well as the couplings of the charged Higgs boson with the third genera-
tion quarks. This implies that the limits on the charged Higgs masses can be changed
if we admit the existence of higher dimensional operators in the Gerogi-Machacek
model, as shown in [16].
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54.4 Conclusions

Composite Higgs is an interesting non-supersymmetric alternative to address the
hierarchy problem of SM. One of the main features of these models is modifica-
tions in Higgs couplings which can be tested at LHC and proposed future colliders.
Higher dimensional operators can capture the nonlinearity of pNGBs (e.g. strongly
interacting light Higgs framework), which in turn, is responsible for the coupling
modifications. The hVV modifications are generically universal, while the Yukawa
coupling modifiers depend on the representation in which the fermions are embed-
ded. Going beyond the minimal scenario one finds more pNGB scalars, for example,
in the next-to-minimal model extra singlet scalar gives additional modifications due
to neutral scalar mixing. Finally, dimension-five operators can have a significant
impact on the constraints from flavour physics observables on the charged Higgs
sector in triplet extended models (e.g. Georgi-Machacek model).
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